A new type of packed bed biofilm reactor was developed and research was started as a part of the new bioprocess system for anaerobic biofilm (BPS ab 
Introduction
Our previous comparative study focused on two biogas production bioprocess systems which were based on suspended cells cultures and the biofilm formed on solid inert support in a new type of bioreactor (11) . The results obtained showed that biofilm bioprocess systems with the new bioreactor possess up to two and a half times higher specific volumetric productivity in comparison with the bioprocess systems with suspended cells (BPS sc ). These achievements made us request the new biofilm reactor to be registered as a patent for invention (9) . A series of preliminary experiments with the new bioreactor was carried out for testing the readiness of the experimental set up for long-run stable functioning and the capabilities of the monitoring devices to maintain the bioprocess parameters at the determined intervals. These tests showed the suitability of the new laboratory bioreactor for continuous incessant functioning. The results obtained make it a suitable laboratory scale living model for investigations as a major part of the new bioprocess systems with anaerobic biofilms. Some visions about the future developments of research activity on the influence of additional parameters, e.g. the mixer rotation speed, temperature variations, organic loads and higher values of dilution rates, have been outlined (11) . The present report presents the realization of a substantial part of these purposes, namely the results of study on the reaction of the bioprocess system with anaerobic biofilm (BPS ab ) for biogas production under laboratory conditions in order to reveal the influence of two basic technological parameters on its functioning -the intensity of mixing and the temperature.
Research concept
As the bioreactor has been already designed (9, 11) and some preliminary investigations have already been carried out (11) , it is necessary to first formulate the research concept about the main steps of the research. The concept included the following five steps.
Concept step 1: Definition of the response space
A) Specification of the response function In our previous publication (11) , the specific volumetric productivity -П was accepted to be response function. П = Q sp.bg / t d (1) where П is the specific volumetric productivity of biogas [ When t ast , D and V f are constant, K is constant as well. This means that under such conditions it is easier to use bioreactor productivity Q as response function, which has been done in this paper. B) Selection of basic parameters liable to variation Two technological parameters were selected as main factors with possible influence on the response function -the temperature (t o ) and the intensity of mixing (I m ). As the experience with other types of BPS especially with suspended cells shows, these two factors usually exert a very strong impact on almost all of the subsystems, changing not only the macro kinetics by mass-and heat transfer velocities, but also the physical and chemical properties of the liquid media. However, in the case of bioprocess systems with biofilms for aerobic processes (BPS ap ) very low sensitivity to temperature was observed (3), whereas there is no reliable information about the effects of I m on the biofilm formation and functioning for aerobic systems.
Concept step 2: Definition of the working intervals of the basic parameters variations and the values of their experimental levels
This was done during the period of formation of the main concept about the biofilm reactor design and its realization as a laboratory tool for investigation of BPS ab . The interval for temperature was planned to be between 25 °C and 40 °C, then for the I m the rotation speed interval was anticipated to be from 0 to 200 rpm. These values had to be accepted as preliminary. Thus their choice was set by the requirements of the bioprocess systems with anaerobic biofilm, keeping in mind restrictions regarding the temperature and mixing. Temperatures higher than 40 °C are not permitted because of the nature of the bioagent physiology. The microbial society of the mesophilic anaerobic microorganisms -the bioagent, cannot withstand such hard conditions. As for the I m , the higher limit was defined on the basis of our experience with liquid media like the one used for biogas production (8, 11) .
Concept step 3: Fixation of the order of investigations of factors influence by variations of their values
This part of the preliminary work has been done and the order was included in the Working program. Some Design and planning of the experiment approaches were used. This allows programming, when the mathematical model is based on the "black box" strategy, the variations of the factors to follow determined schemes. Thus, the rules of the full factor experimentation scheme were included in the working program -three basic experimental levels and, if possible, an additional one. However, the difficult conditions of experimentation and the increasing possibilities for problems with laboratory set-up imposed a more flexible approach, especially concerning the long periods of incessant functioning of more than 5-6 months.
Concept step 4: Choice of method for stationary state determination of the BPS ab
In a previous study on the processes of anaerobic metabolism of the large span of substrates in BPS sc (8) a method was developed for determination of the stationary state of that type of BPS. Based on statistical data processing this method seemed to be acceptable for the present study. The task in this particular case was to verify the applicability of this method for BPS ab under the conditions of abrupt change of the factors of the system.
Concept step 5:
Affirmation of the capability of the new biofilm reactor as a laboratory tool for investigations. Some of the investigations reported in the previous paper (11) gave some conviction about the stable functioning of the laboratory set-up in the long run. However, keeping in mind the very complicated experimental situation and exclusion of any ceasing of its functioning, it was necessary to be 100% assured of the reliability of the experimental BPS ab . 
Working program

Materials and Methods
Substrate
As substrate was used cow dung, which is well known and substantial experimental experience is accumulated in the laboratory practice, already implemented in our previous studies (8, 11) . The liquid containing the raw substrate was kept at 4 °C in the refrigerator. Quantities of 2-3 kg of this substrate were mechanically treated in a high speed mixer to homogenize it in water and break suspended matter into small pieces before introducing to the bioreactors. The obtained liquid mixture was analyzed for chemical oxygen demand (COD), biological oxygen demand (BOD), dry matter (DM), organic dry matter (ODM) and volatile fatty acids (VFA). This homogenized substrate containеа high level of organic matter (COD 40 g/l). This basic substrate source was used to prepare substrates with different COD and DM by dilution with tap water.
Bioagent
Spontaneously formed mixed microbial societies were used as previously (11) . For starting the investigations of this study the innoculum already prepared in another pseudohomogeneous bioreactor was used. As the experiеnce shows, this type of preparation ensures equal conditions for the all experimental series (9, 11), when it is necessary to restart the bioreactor functioning.
The bioreactor
The experiments were carried out with the experimental setup shown in Fig. 1 , using an anaerobic bioreactor -a new type of biofilm reactor (BFR) with a total volume of 2.0 dm 3 and working volume of 1.4 dm 3 . The biofilm reactor design is shown in Fig. 2 . 
Regime of functioning
The conditions were as previously described (11) . The planned working temperatures were maintained automatically by a microprocessor; center of the experimental plan was 34 ± 0.1 °C and the levels of variations: minimum -29 ± 0.1 °C, maximum 39 ± 0.1 °C and additional 24 ± 0.1 °C. The planned agitation was maintained automatically by a microprocessor at 0 -200 min -1 ; after biofilm formation 100 min -1 was chosen as the center of the experimental plan and the levels of variations were: minimum 50 min -1 , maximum 150 min -1 and additional 75 min -1 . The planned concentrations of inlet DM were between 2% and 7% and the planned change of dilution rate, between 0.05 and 0.15 day -1 .
Analytical methods
The following parameters were controlled daily: pH of inlet and outlet flow with electron pH-meter (produced by Seibold comp.); volume of the biogas produced by means of graduated gas-holder; contents of methane and carbon dioxide using gas analyzer (Dreger comp.). VFA was determined three times a week (10) . COD was determined as a minimum at the beginning and at the end of each cycle (1). DM and ODM in the inlet and outlet flows were determined at the beginning and at the end of each cycle (2). Variation of pH and VFA beyond the permissible ranges was not registered during the experiments.
Determination of the response function
As already mentioned, the bioreactor productivity Q [L/day] was used as response function. Q can be obtained by direct measurements of biogas produced.
Results and Discussion
According to the Working program the following was done:
The choice of bioreactor productivity as response function was made taking into account that this characteristic of the BpS ab reflects the state of the system as a whole in a good way, serving as a basis for the specific volumetric productivity -П. By the dependences (2) and (3) through the specific volumetric productivity, the bioreactor productivity can serve as a synthetic criterion, assembling in itself the main technological characteristics like volumetric intensity (Q sp.bg ) with hydrodynamics of the material flows (F) and biofilm reactor working volume (V f ) as retention time. What is more, its structure also indirectly includes the economy of the biogas production with capital investments (V f ) and the energy costs. In addition, the bioreactor productivity is very simple to determine by direct measurement of the volume of the biogas produced if the dilution rate D, V f and t ast are maintained constant, which is not difficult to achieve in the frame of one experimental series.
Two factors were selected -the intensity of mixing (I m ) and the temperature (t o ). The former is very important for BPS as a whole due to its positive key role in acceleration of the mass and heat transfer phenomena which take place in the working volume of the bioreactor. As a measure of this factor usually the number of rotations (rpm) is used, which is omni included in the equations that describe the dependence of the energy introduced in the bioreactor working volume. The theory and practice in the field of BPS sc show that the increasing of I m can lead to sensitive augmentation of the response function -specific volumetric productivity П. This dependence as a rule can be observed in the BPS with suspended cells (BPS sc ) in rather large intervals of variation of this factor. If it is related to the bioprocess systems with biofilm, it is difficult to be predicted. The presence of the biofilm makes the BPS much more complicated adding new phenomena like internal diffusion of substrates into the biofilm. In addition, the biofilm structures can be very sensitive to the higher level of turbulence. The shear stress generated by the high I m values can exert very strong mechanic coercions on the biofilm surface which could even lead to its destruction (4, 7).
Temperature was chosen as a second factor mainly due to its decisive role on the biokinetics along with its direct influence on the physicochemical properties of the liquid medium and its links with many other parameters of all the subsystems which form the BPS ab as a whole (3, 5, 6) .
Thus, the response space was defined as three dimensional: one ordinate for response function -the bioreactor productivity, and two abscises for the factors -temperature t o and intensity of mixing I m . ).
The method of the stationary state determination (8) was applied to this part of our investigations. This method is based on statistical data processing by exclusion of the strongly different data from those in the interval of ± 15% rel. at the end of the stable reaction of the BPS ab to the abrupt change of the factors. Thus, the task in this particular case of the present study was to verify the applicability of this method for BPS ab .
In order to become convinced in the reliability of the experimental set-up, the investigations on the long run stable functioning of the BPS ab had to be repeated once more in this study. It was necessary to focus again on the robustness of the biofilm reactor design and its performance, on its readiness for long-run functioning under strictly anaerobic conditions, on the effectiveness and stable functioning of its control and regulation system and especially to abrupt changing of the specified basic parameters.
It was found that biofilm formation can occur not only on the carrier especially treated with specific substances, but also on the bioreactor glass corpus. This phenomenon had both a positive and a negative effect. On the one hand, it increased the surface for biofilm formation and functioning, but on the other hand it became an obstacle for direct observation of the biofilm making impossible to observe how the biofilm was forming and to investigate the hydrodynamics, especially in combination with biofilm formation at any rate. For this reason it was possible to assess the biofilm formation only at the very end of the experiment (see below).
Effect of mixing intensity and temperature
Taking into account the influence of the intensity of mixing on biofilm formation and functioning, priority was given to I m . It was supposed that this sequence of analysis would give information about the influence of this factor on the bioreactor productivity and respectively, if necessary, about the specific volumetric productivity -П on mature biofilm. It was also important to analyze the processes of biofilm formation beginning with zero thickness of the biofilm on the carrier up to the third critical thickness (7).
Influence of the intensity of mixing on the bioreactor productivity
The experiments were carried out at a dilution rate of 0.05 day -1 , concentration of the substrate of 5% DM and temperature maintained at center of the experimental plan -34 ± 0.1 °C. It is well known that this is the most common temperature for mesophilic anaerobic microbial societies. The experimental data in Fig. 3 show that the experimentation course was rather stable without any stress changes during the first 23 days. However, the bioreactor productivity was very low. This reaction provoked an abrupt diminishing of the I m to 75 rpm, which was immediately felt by the BPS ab . In a period of 10 days (30-40 day) the system was stabilized reaching the stationary state, producing a higher quantity of biogas. After this period the bioreactor productivity was stabilized and it was supposed that in this period the biofilm formation was completed successfully. The behavior in the first 23 days was probably a result of the highest starting intensity of mixing in this period, 150 rpm. This result is of special importance because it determined the period of biofilm formation and some appropriate conditions for its successful functioning (34° C, 75 rpm and D = 0.05 day -1 ). Moreover, these data confirmed the decisive role of the intensity of mixing on the detention of the biofilm formation. The highest level of I m in the starting period obviously produces strong shear stress around the carrier surface, which sweeps out the microorganism cells hindering the biofilm formation. The results obtained at the starting period of the biofilm formation have high practical value. They can serve also as a basis for future development and BPS ab realization into the practice facilitating its technoeconomical justification. Thus, it was found that the mixing intensity influences the biofilm formation and speed rotations higher than 75 rpm are not recommendable. The following investigations included studies of the influence of the mixing intensity on bioreactor productivity and the impact of the abrupt changes of the rotation speed on biofilm activity. The processes of mixing, as already mentioned above, was realized at 50, 100, 150 rpm and 75 rpm (accepted as an additional level). The level of 150 rpm was repeated but with mature biofilm, which did not change the productivity of the system (Fig. 3) . It was clear that the BPS ab is not sensitive to the variation of the intensity of mixing. This behavior is better observed in Fig. 4 , where the lack reaction of BPS ab regarding the rotation speed of the mixing device is seen.
During this part of the experimentations the content of CH 4 and CO 2 were controlled. In a very large interval of variation of I m the system reaction was quite indifferent (Fig. 5) . the quality of biogas did not depend on the intensity of mixing I m . It has to be kept in mind that this was the reaction of the BpS ab with mature biofilm, i.e. after 40 days of functioning of the bioreactor. As for the staring period (Fig. 3) , the reaction of BPS ab regarding CH 4 and CO 2 concentrations in the biogas was rather different.
Iinfluence of temperature on the bioreactor productivity
The experiments were carried out at four temperatures: 24 °C, 29 °C, 34 °C and 39 °C with the center of the plan 34 °C, basic levels 29 °C and 39 °C and an additional level at 24 °C. The system of the control and management ensured maintaining of each of the levels with precision of 0.1 °C. The content of dry matter (DM) was 5%, at dilution rate D = 0.1 day -1 and constant intensity of mixing I m at rotation speed of 150 min -1 . It was found that in the interval of 24-34 °C the BPS ab could be accepted as indifferent to the temperature changes. After the 10 th day to the 19 th day the bioreactor productivity Q [dm 3 /day], which is proportional to the specific volumetric productivity -П, at t° = 29 °C, was almost equal to Q of the 31 st to the 53 rd day at t° = 34 °C (Fig. 6) . Following the considerations of the research concept, a level symmetrical to the temperature level t° = 29 °C was implemented regarding the center of the plan t° = 34 °C, i.e. the level t° = 39° C. It was obtained that at this level the bioreactor productivity is higher (Fig. 6) . The influence of the temperature is presented in Table 1 . it can be noted that the abrupt change of the temperature in the range of 24-34 °C did not change the situation in the bioprocess system with anaerobic biofilm. This robustness is a very good proof for stable functioning of the BPS ab . In the change of regime from 34 °C to 39 °C a marked increase in bioreactor productivity was observed. Changing the temperature up to 39 °C and back down to 34 °C for a period of 50 days did not influence the bioreactor productivity Q obtained at these levels. On the other hand, after reaching the stationary state after the 40 th day a transition of the BPS ab to the next level at 39 °C after the 53 rd day proceeded very quickly. This is a rather good characteristic from the point of view of the process management. The data obtained from this series of experiments showed that the influence of the temperature was rather strong in the interval from 34 to 39 °C. In general, in the range from 25 to 39 °C the bioreactor productivity -Q, increased almost 2 times. This result confirms once more the Arrhenius rule of the two-three-fold increase in the chemical reaction rate at 10 °C increase of the temperature. This similarity with chemical heterogeneous catalysis can be used in the creation of BPS ab models because the kinetics of the catalytic process systems to be described by the same form of equations. From a practical point of view these results can be very useful, especially if it is necessary to heat up the liquid medium. Then, on the basis of these results it is possible to find the most profitable temperature and in such a way to influence positively the economics of the biogas production. 
Observations of the biofilm
First of all it was found that in the period of incessant functioning of more than 150 days the bioreactor successfully passed the test of stable work. This made it a suitable tool for long-run experimentation of anaerobic bioprocesses. During this very long period no dramatic situations were observed and the system of management did not show any serious flaws. The reaction of the BPS ab to the abrupt and repeated variations of the experimental levels of two very important factors did not provoke any changes in the regular functioning of the experimental set-up. The results obtained provide useful additional information: a) about the BPS ab characteristics needed for improvement of its functioning as a laboratory tool; b) for the development of BPS ab regarding its control and management; c) for scaling up to industrial BPS ab ; d) for its mathematical modeling, numerical experimentations and simulations; e) for development of the strategy for finding this set of conditions ensuring its optimal functioning right up to BpS ab industrial scale realizations. As mentioned above, the biofilm formation on the corpus of the bioreactor became an obstacle to the direct observation of the hydrodynamics and biofilm formation and functioning. For this reason, all the information about the biofilm was obtained by visual observations of the working elements of the bioreactor after disassembling of the experimental setup at the end of the experiments. The dismounted bioreactor allowed direct observation the biofilm formation on the solid carrier and even to make some measurement for assessment the biofilm thickness. The biofilm had a very good structure and its thickness in the space of the packed bed was uniform (Fig. 7) . This allowed us to conclude that the hydrodynamics in the packed bed were very good, ensuring equal liquid flow velocities along the carrier surface. This ensured equal conditions for biofilm formation and functioning. The formation of the biofilm on the glass surface of the bioreactor corpus was one of the unexpected effects with negative consequences. Its thickness was the same as the one on the solid carrier in the packed bed. Thus, part of the future investigations could be aimed at studying the opportunity to find new substances for pretreatment of the carrier surface with cheaper and more available materials for the purpose to produce new cheaper and more effective carriers. This direction will have a very good impact on the biogas production on an industrial scale. As for the bioreactor as a laboratory tool, it will be necessary to find some ways to avoid biofilm formation on the glass surface. One of them may be the elaboration of new specific compoundshinderers of biofilm formation. Another possibility could be to find some improvement of the biofilm reactor design, e.g. appropriate visual access to the packed bed space. 2) The reaction of the BPS ab with mature biofilm to the intensity of mixing was indifferent. The variations of the intensity from 50 to 150 rpm did not provoke any notable change in the response function -the bioreactor productivity.
3) It was found that the mixing intensity is a very important factor in the period of biofilm formation. The data obtained gave the basis to recommend for the particular case intensities of mixing lower than 75 rpm. 4) the BpS ab reacted in general to the temperature variations in the range of 24-39 o C. Its behavior was like that of the process systems in chemical heterogeneous catalysis.
5) The results obtained during the experimental studies with
BpS ab can be useful for its mathematical modelling and automatic control. 6) The effect of the biofilm formation on the glass walls of the bioreactor corpus, which in general, was evaluated as negative, can provoke a very useful new direction in biofilm technology and in the field of biofilm reactor design as well. The investigations in these directions would help to find new specific compounds for detention of the biofilm development even up to its full liquidation. This could be very useful not only for biofilm industrial technology, but also for other future applications.
